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Reactive oxygen speciesThe vast majority of organisms produce ATP by a membrane-bound rotating protein complex, termed F-ATP
synthase. In chloroplasts, the corresponding enzyme generates ATP by using a transmembrane proton gradient
generated during photosynthesis, a process releasing high amounts of molecular oxygen as a natural byproduct.
Due to its chemical properties, oxygen can be reduced incompletely which generates several highly reactive
oxygen species (ROS) that are able to oxidize a broad range of biomolecules. In extension to previous studies it
could be shown that ROS dramatically decreased ATP synthesis in situ and affected the CF1 portion in vitro. A
conserved cluster of three methionines and a cysteine on the chloroplast γ subunit could be identiﬁed by
mass spectrometry to be oxidized by ROS. Analysis of amino acid substitutions in a hybrid F1 assembly system
indicated that these residueswere exclusive catalytic targets for hydrogen peroxide and singlet oxygen, although
it could be deduced that additional unknown amino acid targets might be involved in the latter reaction. The
clusterwas tightly integrated in catalytic turnover sincemutants varied inMgATPase rates, stimulation by sulﬁte
and chloroplast-speciﬁc γ subunit redox-modulation. Some partial disruptions of the cluster by mutagenesis
were dominant over others regarding their effects on catalysis and response to ROS.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
In plants, especially under high light conditions, the electron
transfer chain is frequently overloaded. As a consequence, triplet excited
pigments are generated which can produce different reactive oxygen
species (ROS) and other radicals [reviewed in 1]. These highly reactive
molecules can damage the photosynthetic apparatus and promote
photoinhibition [2]. Usually ROS are scavenged by various antioxidative
defense mechanisms [3,4], but the equilibrium between production
and scavenging is permanently perturbed upon environmental changes.
Themost prominent ROS formed under high light conditions is hydrogen
peroxide (H2O2), mainly formed by superoxide dismutase at photosys-
tem I, and singlet oxygen (1O2), mainly produced by triplet chlorophyll
during energy transfer at photosystem II. There are indications that
transport of H2O2 is facilitated via aquaporins [5], enabling the molecule
to diffuse rapidly within the photosynthetic cell. The transport mecha-
nism for 1O2 is still unclear, but recent studies suggest that 1O2 can alsoactor 1 enzymes from chloro-
rum and thermophilic Bacillus
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l rights reserved.reach different cellular compartments distant from its origin [6]. Thus,
tight control of ROS is of upmost importance to maintain a functionally
active photosynthetic machinery under high light stress. Therefore, it is
not surprising that ROS are also considered to act as signalingmolecules
[7,8] allowing an adjusted cellular response to increasing ROS levels.
The chloroplast ATP synthase [reviewed in 9] is closely related to its
bacterial and mitochondrial homologs. Due to high overall structural
similarity and amino acid homology in functionally important domains,
it is assumed that F-ATP synthases share a common ancestor. Like all
F-type ATP synthase members, the chloroplast enzyme is composed of
two functional portions. In a reversible process ATP is synthesized or
hydrolyzed by the peripheral membrane protein complex CF1, utilizing
or generating a proton gradient byH+ translocation through an integral
membrane-spanning CFO protein complex. Spinach (Spinacia oleracea)
CFO portion consists of four different subunits with a stoichiometry of
I1II1III14IV1. The copy number of subunit III is species-speciﬁc. CF1 is
an assembly of ﬁve subunits, having a stoichiometry of α3β3γ1δ1ε1.
Enzyme activity is tightly coupled to rotation of γ, ε and the subunit
III-ring, while ATP synthesis and hydrolysis are restricted to three of
the six nucleotide binding sites located at each α/β interface. A special
feature of higher plant CF1 is an additional regulatory domain in the γ
subunit consisting of about 40 amino acids. The regulatory core element
is a disulﬁde forming pair of cysteines, designated as C199 and C205 in
spinach. Reduction of the γ disulﬁde elevates ATP hydrolysis and syn-
thesis, probably via an inter-domain movement within the γ subunit
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between γ and ε subunits. It is assumed that catalytic activity of CF1 is
tightly redox-regulated to prevent futile ATP hydrolysis in the dark
when ATP synthesis is inactive.
Previously, it was shown that F-ATP synthases from various organ-
isms are susceptible to different reactive oxygen species per se [10–12].
This machinery is indispensable for oxidative phosphorylation and pho-
tophosphorylation in a ROS producing cellular environment of aerobic
organisms [1,13,14]. It was shown that ATP synthase disorders promote
ROS generation in mitochondria [15]. In plants, kinetic alterations of
the ATP synthase can modulate non-photochemical quenching [16]
which is a mechanism to minimize ROS-promoted photoinhibition [2].
However, a direct effect of ROS on non-photochemical quenching by af-
fecting ATP synthase remains elusive. In this study, previous ﬁndings
[12,17] were extended by identiﬁcation of speciﬁc ROS targets within
the CF1 γ subunit. The common target residues were located in a highly
conserved methionine–cysteine cluster that is in part involved in
coupling transmission of ATP hydrolysis and proton translocation [18]
and forms a contact with both the empty and the ADP-containing β
subunits [19–21]. Integrity of the cluster was essential since even
minimally perturbing substitutions of the target amino acids caused
aberration of nucleotide release during catalytic turnover and plant
speciﬁc redox-modulation by γ disulﬁde reduction. Concomitantly,
the cluster mutants rendered the enzyme signiﬁcantly less sensitive
to ROS. Catalytic properties as well as ROS responses of certainmuta-
tions were dominant over others, indicating that cluster residues
were interdependent. Additionally, different ROS varied in their impact,
since ROS responses of disrupted cluster mutants were inverted
depending on the oxidant. In general, the results supported the hypoth-
esis that F-ATP synthases contain a versatile ROS target cluster of highly
conserved and critically placed amino acids.
2. Materials and methods
2.1. Reagents
Ampicillin, Chloramphenicol, DTT, 2-Amino-2-hydroxymethyl-
propane-1,3-diol (Tris), 2-(N-morpholino)-ethanesulfonic acid
(MES), N-(2-Hydroxy-1,1-bis(hydroxymethyl) ethyl) glycine
(Tricine), magnesium chloride (MgCl2), Rose Bengal (RB) and
Plas/mini Isolation Spin-Kit were purchased from AppliChem
(Darmstadt, Germany). CuCl2, dihydrate was purchased from
Merck (Hohenbrunn, Germany). Adenosine-5′-triphosphate (ATP),
adenosine 5′-(trihydrogen diphosphate) (ADP), glycerol and ultra
pure urea were purchased from Roth (Karlsruhe, Germany).
Superﬂow Ni-NTA agarose was obtained from QIAGEN (Hilden, Ger-
many). HPLC grade water, puriss grade, formic acid (FA) and purum
grade hydrogen peroxide solution (H2O2) were obtained from Fluka
(Neu-Ulm, Germany). Uvasol® acetonitrile (MeCN), ReagentPlus™
ammonium bicarbonate (NH4HCO3), potassium phosphate (K2HPO4/
KH2PO4), sodium chloride (NaCl) and sodium sulﬁte (Na2SO3) were
purchased from Sigma (Steinheim, Germany). Trypsin (Sequencing
Grade Modiﬁed Trypsin, porcine) was purchased from Promega (Madi-
son,WI, USA). Oligonucleotideswere synthesized by Invitrogen (Darm-
stadt, Germany). T4 Polynucleotide Kinase, DpnI and T4 DNA ligase
were purchased fromNewEngland Biolabs (Frankfurt/Main, Germany).
Phusion DNA polymerase was obtained from Fisher Scientiﬁc
(Schwerte, Germany).
2.2. Alignment of F1 γ subunits
Multiple sequence alignment and phylogenetic tree calculations were
done using ClustalW [22] andGeneious [23], respectively. Visualization of
a structural alignment was performed using PyMOL/CEalign [24,25]. The
homology model of spinach CF1 γ subunit [26] and the crystal structureof spinachCF1α andβ subunits [27; PDB ID: 1FX0]were aligned to a tem-
plate structure [28; PDB ID: 3OAA] of corresponding E. coli F1 subunits.
2.3. Plant material, isolation of CF1 and subunit dissection
Thylakoid membrane isolation from fresh spinach (S. oleracea)
leaves was carried out as described earlier [12,29]. Isolation of catalyti-
cally active spinach CF1 [30], followed by the release of δ and ε subunit
[31], was performed according to published procedures. Determination
of protein, using bovine serum albumin as a standard, and chlorophyll
concentrations were carried out according to the methods of Bradford
[32] and Arnon [33], respectively.
2.4. Mass spectrometry analysis
ROS treated soluble spinach CF1 (see Section 2.8) was frozen in
liquid nitrogen and kept on ice. CF1 was digested using modiﬁed
trypsin at a 1:30 enzyme/protein (w/w) ratio at 37 °C for 15 h. In ad-
dition, a puriﬁcation step using C18 Zip Tips (Varian, Lake Forest,
USA) was applied according to the manufacturer's recommendations.
Measurements of all samples were accomplished on an Ultimate binary
nano HPLC pump/autosampler system for HPLC analysis (LCPackings/
Dionex, Idstein, Germany). 5 μL of the sample were pre-focused on a
trap column (Dionex, C18 PepMap, inner diameter 300 μm, length
5 mm) and separated on a fused-silica C18 PepMap100 capillary column
(Dionex, 3 μm, 100 Å; inner diameter 75 μm; length 150mm). The ﬂow
rate was 0.2 μL min−1. The nanoHPLC system was coupled either to a
nanoelectrospray interface of a LTQ Orbitrap Discovery mass spectrome-
ter or a LTQ FT Ultra mass spectrometer (both Thermo Fisher Scientiﬁc
GmbH, Bremen, Germany). Survey MS scans with a high mass accuracy
better than 2 ppm were measured on both instruments. The three most
intense peaks in the survey scan were chosen for fragmentation in ion
trap ms mode. Collision induced fragmentation was used for fragmenta-
tion in the ion trap. Each sample was measured three times. LC–ESI–
MS/MS data were searched against the UniProt database (www.uniprot.
org) of spinach CF1 using Proteome Discoverer 1.2 (Thermo Fisher Scien-
tiﬁc GmbH, Bremen, Germany) based on the SEQUEST search algorithm.
Mass tolerance for precursor ions was set to 2 ppm, mass tolerance for
fragment ions was set to 0.8 u. Two missed cleavages were allowed in
order to account for incomplete digestion. Oxidation was allowed as
post translational modiﬁcation. Peptides with a "peptide probability"
(SEQUEST parameter) of 50 and higher were considered as signiﬁcant
identiﬁcations. Peptides of interest where manually inspected, based on
fragment ion spectra and the speciﬁc location of oxidized amino acid
residues was veriﬁed.
2.5. Site‐directed mutagenesis
All mutations were performed using template plasmids carrying a
cDNA coding for spinach CF1γ subunit [34] andwild type Rhodospirillum
rubrum β subunit [35]. Phosphorylation of 5′-end abutting oligonucleo-
tides, PCR reaction, restriction digest of the template DNA, ligation of
the ampliﬁed pET vector and transformation into E. coli XL1-Blue cells,
followed by selection for ampicillin resistance (100 μg mL−1), were
carried out according to the manufacturer's instructions. Sequencing
was performed by GATC Biotech (Konstanz, Germany). Oligonucleotide
sequences are shown in Supplementary Table S1. Additionally, a previ-
ously published plasmid [36] was used, coding for an alanine substitu-
tion of disulﬁde-forming regulatory cysteines (γC199+205A).
2.6. Protein expression and puriﬁcation
The pET plasmids carrying recombinant spinach CF1 γ subunit and
previously published plasmids carrying R. rubrum F1 α subunit with
an N-terminal His-tag [37] and wild type R. rubrum β subunit [35]
were transformed into expression host E. coli BL21(DE3)/pLysS [38].
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(34 μg mL−1) resistance. Cell suspensions were passed three times
through a French press at 10,000 psi for lysis. Inclusion bodies were pu-
riﬁed as described elsewhere [34] and stored at−80 °C in 25 mM Tris–
HCl (pH 8.0), 1 mM EDTA and 50% (v/v) glycerol until further usage.
2.7. Hybrid F1 assembly
Assembly of a catalytically active hybrid F1 αR3βR3γC core com-
plex consisting of RrF1 α6xHis (αR) and β (βR) subunits and spinach
CF1 γ (γC) subunit was performed based on a method described else-
where [39]. Brieﬂy, inclusion bodies of the subunits were solubilized
in 8 M urea, centrifuged at 16,000 rpm and 4 °C for 30 min and
mixed at a ratio of αR:βR:γC=5:5:3 by weight. The subunit mix
was diluted to 0.1 mg protein mL−1 in refolding buffer containing
4 M urea, 50 mM Tris–HCl (pH 8.0), 50 mM NaCl, 50 mM MgCl2,
50 mM ATP, 20 mM DTT and 20% glycerol and dialyzed in two steps at
4 °C against 10 volumes dialysis buffer containing 50 mM Tris–HCl
(pH 8.0), 50 mM NaCl and 20% (v/v) glycerol. The dialyzed protein
was applied to a Ni-NTA afﬁnity column equilibrated with 50 mM
Tris–HCl (pH 8.0), 50 mM NaCl and 1 mM ATP (TNA buffer), washed
and eluted in TNA buffer including 300 mM imidazole. Eluted protein
was precipitated by adding solid ammonium sulfate (50% saturation)
and desalted after centrifugation via Sephadex G50 spin columns [40].
Assemblies were stored in aliquots at−80 °C in TAG buffer containing
50 mM Tris–HCl (pH 8.0), 1 mM ATP and 20% (v/v) glycerol.
2.8. Treatment with reactive oxygen species
Singlet oxygen (1O2) exposure of thylakoid membranes was carried
out as described previously [12]. Soluble chloroplast and hybrid F1were
illuminated for various periods in the presence of 2 μM RB. Hydrogen
peroxide (H2O2) exposure was carried out for 60 min at 37 °C and
various concentrations of H2O2. Hydrogen peroxide can be activated
by several compounds including transition-metal ions yielding hy-
droxyl radicals via Fenton chemistry [41]. Therefore any catalysts
were omitted in the assay resulting in rather high concentrations of
H2O2 applied. The reaction was quenched for 30 min at 25 °C by
12.5-fold dilution containing 50 mM Tris–HCl (pH 8.0) and 10 mM
L-methionine. The concentration of the enzyme during ROS treat-
ment was 0.29 μM in TA buffer containing 50 mM Tris–HCl (pH 8.0)
and 1 mMATP. Hybrid F1 was kept in TAG buffer during ROS exposure.
In some experiments 1O2 was generated in 50 mMMES-KOH (pH 6.0),
1 mM ATP and 20% (v/v) glycerol.
2.9. ATP hydrolysis and synthesis measurements
Activity measurements of spinach thylakoids and soluble chloroplast/
hybrid F1 were based on the colorimetric determination of Pi [42].
Pretreatment of thylakoid membranes with DTT [29] was followed
by exposure to 1O2 [12]. The ATPase activity of thylakoids equivalent
to 10 μg chlorophyll was assayed for 3 min at 37 °C in 0.5 mL reaction
mixture containing 50 mM Tricine–NaOH (pH 8.0), 40 mM Na2SO3,
10 mM NaCl, 3 mM ATP and 1.5 mM MgCl2. Photophosphorylation
after 1O2 exposure was assayed [43] using an RG2 transmission ﬁlter
(Schott, Mainz, Germany) to avoid continuous excitation of RB.
MgATP hydrolysis by CF1, CF1-δε and hybrid F1 assemblies was carried
out in a 0.5 mL reaction volume containing 2–5 μg of protein in 50 mM
Tris–HCl (pH 8.0), 25 mM Na2SO3, 5 mM ATP and 2.5 mM MgCl2.
Sodium sulﬁte was omitted in some experiments. Addition of 0.5 mL
trichloroacetic acid terminated the reaction. Samples were assayed for
Pi release immediately and after incubation at 37 °C for 2 min. Hybrid
F1 was kept in TAG buffer. In some experiments 0.29 μM hybrid F1
was incubated in TAG buffer for 60 min and 37 °C in the presence of
10 mM DTT (reduction) or 100 μM CuCl2 (oxidation), respectively.
Desalted [40] ammonium sulfate precipitates of CF1 and CF1-δε werereduced for 90 min and 25 °C in TA buffer and 10 mMDTT at an enzyme
concentration of 1.16 μM.
3. Results
3.1. Impact of singlet oxygen on enzyme activity in situ and in vitro
Supporting and extending a previous analysis [12], an initial ex-
periment revealed that both, ATP hydrolysis and ATP synthesis by
spinach thylakoid membranes were affected by 1O2 (Fig. 1A). The
quantitative impact on both activities was comparable, resulting in
residual ATP hydrolysis of 72% and ATP synthesis of 70% after treatment
with 10 μM RB.
In order to prove that the suggested activity attenuation in situ
[12] was primarily the result of oxidative damage of CF1, the catalytic
portion was isolated from thylakoid membranes and tested for resid-
ual activity after 1O2 treatment. The data indicated that activity of CF1
in vitro attenuated upon 1O2 exposure (Fig. 1B). Although initial hints
[17] suggest that the γ subunit is the primary target of 1O2, it still
remained unclear if the ε subunit was involved in the observed loss
of activity in situ and in vitro. In order to rule out any involvement
of ε in 1O2-induced activity attenuation of CF1, the δ and ε subunits
were removed to obtain CF1-δε. Due to the missing ε subunit [44],
CF1-δε showed higher MgATPase activity than CF1 (Fig. 1B). CF1-δε
was even more susceptible to 1O2 than CF1.
3.2. Pinpointing putative targets of singlet oxygen using the homology
model structure of CF1 γ subunit
A high resolution structure of the chloroplast F1 γ subunit is not
available. Therefore, a homology model based on mitochondrial and
bacterial F1 γ subunit structures has been developed [26]. This
model served as a platform for spatial mapping of putative 1O2 targets
based on reported ROS-protein interactions with tyrosine, histidine
and tryptophan, as well as cysteine and methionine [45]. An amino
acid sequence alignment of sixteen F1 γ subunits (Fig. 2A) resulted
in a sequence identity of only 7.4%. Such low identity is in good agree-
ment with other alignments [46] and indicated that most of the con-
served residues are restricted to the amino and carboxyl termini and
a small central region. These regions were part of the structurally con-
served terminal alpha-helical elements and a γ protrusion loop that
contained a set of highly conserved methionines and a cysteine in
close proximity. The ROS target mapping approach revealed that
these sulfur-containing amino acids formed a cluster located at the
“neck” region of the γ subunit that protruded from the α3β3 hexamer
(Fig. 2B, C). This cluster is highly conserved in other γ subunits and can
be found in several published structures, for example those of bacterial
[28; PDB ID: 3OAA], yeastmitochondrial [47; PDB ID: 2XOK] and bovine
mitochondrial [48; PDB ID: 2WSS] F1 γ subunits. Depending on the
organism, the cluster consists of one or two N-terminally located
methionines, a central cysteine and one or two C-terminally located
methionines. The methionines and the cysteine are located near the
second “catch” region of the empty and ADP-containing β subunits
that forms a contact with the γ subunit [19–21].
3.3. Mass spectrometry analysis of CF1 oxidation
Using LC–ESI–MS/MS, CF1 was analyzed for oxidized amino acid
residues after ROS exposure. The data clearly indicated that the pro-
posed candidates of the conserved amino acid cluster (Fig. 2) were
speciﬁcally oxidized upon 1O2 exposure (Fig. 3) since control samples
did not contain modiﬁed cluster residues (Supplementary Fig. S1).
Due to their sulfur atoms, methionine and cysteine are easily oxidized
so these two residues are major sites of protein oxidation [49]. Methio-
nine is successively oxidized at the sulfur center, forming methionine
sulfoxide (mono-oxidation) and methionine sulfone (di-oxidation).
Fig. 1. Singlet oxygen lowered enzyme activity in situ and in vitro. Activities of three
measurements (±standard error) are shown. (A) CF1CFO of isolated spinach thylakoid
membranes was assayed for ATP synthesis (photophosphorylation) and sulﬁte-
stimulated MgATP hydrolysis. (B) Sulﬁte-stimulated MgATP hydrolysis of isolated
CF1 and CF1 lacking the δ and ε subunit (CF1-δε) is shown. MgATPase (expressed as
μmol Pi released min−1 mg protein−1) equal to 100% activity is given in brackets.
The inset shows an SDS polyacrylamide gel with 6 μg of puriﬁed protein stained with
Coomassie Brilliant Blue R-250.
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stance, result in the formation of a disulﬁde or oxyacid derivatives,
such as tri-oxidized sulfonic acid. After treating the samples with 1O2,
N-terminal γM23 was oxidized to sulfoxide (Fig. 3A), whereas the
C-terminal methionines were mutually affected: Peptide fragments
containing a pair of γM279 and γM282 sulfoxides were detected
(Fig. 3B). Additionally, fragments containing a mixture of methionine
sulfoxide and methionine sulfone (Fig. 3C) were identiﬁed. Methionine
sulfone of either γM279 or γM282 was only observed if the other
methionine was mono-oxidized. Moreover, the formation of a sulfonic
acid derivative of γC89 was determined after 1O2 exposure (Fig. 3D).
As discussed in Section 4.4, oxidation of γM95 in this particular fragment
was also found in non-exposed samples (Supplementary Fig. S1D).
Additionally, in the CF1 β subunit critical residues, such as
βY362 (Supplementary Fig. S2A) and βH384/βY385 (Supplemen-
tary Fig. S2C), were oxidized as well. These two tyrosines, which
correspond to bovine MF1 βY345 and βY368, are residues of the
catalytic and non-catalytic nucleotide binding site, respectively
[50]. Recently, it was shown that both β-tyrosines are the primary
targets responsible for nitrative stress susceptibility, whereas γ-
methionine modiﬁcation was not detected [51,52].
In general, ROS treatment resulted mainly in oxidation of α, β and γ
subunits, whereas degrees of δ and ε subunit oxidationwere less affected
(Supplementary Fig. S3).
In a second approach, CF1 oxidation was analyzed after exposure to
H2O2. Comparable to 1O2, H2O2-induced oxidation of C-terminalγM279 and γM282 (Supplementary Fig. S4A, B) and γC89 (Supplemen-
tary Fig. S4C) was observed. Furthermore, tri-oxidation of regulatory
γC199 (Supplementary Fig. S4D) was discovered. Unfortunately, the
fragment containing γM23 could not be detected in treated samples,
neither in a modiﬁed nor in a non-modiﬁed state.
3.4. The effect of oxyanions on MgATP hydrolysis of hybrid F1
In this study, a hybrid F1 was assayed consisting of RrF1 α3β3
hexamer and wild type or modiﬁed spinach CF1 γ subunits. Due to
mutual oxidations (see Section 3.3), single mutants of γM279 and
γM282 were not investigated. Regarding the cluster residues (Fig. 2C),
methionines were substituted by leucines and cysteine by alanine,
respectively, since homologous γM23L and γC89A showed minimal
pertubations in E. coli [18]. According to numerous studies, the region
of the proposed ROS targets, especially γM23 itself [18,53–55], plays a
critical role in enzyme functionality. For this reason, attempts were
made to characterize the hybrid F1 mutants apart from ROS response.
Firstly, the effect of oxyanions was analyzed. In vivo release of inhibi-
tory MgADP is facilitated by the transmembrane proton gradient when
F1 is attached to the membrane [56]. In vitro, the inhibitory effect of
MgADP can be overcome by addition of oxyanions, such as sulﬁte
[57,58]. Thus, enhanced MgATPase by sulﬁte addition was analyzed
and compared to enzymes with a mutated γ subunit (Table 1).
After addition of sulﬁte, wild type assemblies displayed a roughly
fourfold increase inMgATPase activity. This was in line with previous
observations of hybrid F1 under similar experimental conditions [39].
Methionine mutations signiﬁcantly enhanced the stimulatory effect
of sulﬁte. Sulﬁte stimulation in γC89A mutants was indistinguish-
able from wild type assemblies. Accordingly, the quadruple cluster
mutant γM23+279+282 L/γC89A revealed no substantially addi-
tive stimulatory effect by its γC89A substitution when compared to
γM23+279+282 L.
3.5. The effect of γ disulﬁde redox‐modulation on MgATP hydrolysis by
hybrid F1
In higher plant chloroplasts, ATP hydrolysis is regulated by two
γ-cysteines, designated as C199 and C205 in spinach [9]. If oxidized,
both cysteines form a disulﬁde bridge resulting in low ATP hydrolysis
whereas disulﬁde cleavage by reduction stimulates ATP hydrolysis. It
is assumed that redox-modulation of the two regulatory γ-cysteines is
accompanied by dynamic structural changes within the dithiol domain,
consequently affecting inter-domainmovement of theγ subunit during
rotational catalysis [9,26].
Since implications on proposed inter-domain movements can-
not be ruled out, a second mutant characterization attempt was
made to analyze as to whether substitution of cluster residues af-
fected catalytic properties upon γ disulﬁde reduction (Table 2).
Consistent with previous hybrid F1 studies [21], reduction of wild
type γ subunit strongly enhanced ATP hydrolysis. Substitutions of
methionines restricted ATPase activation upon γ disulﬁde reduction
(see γM23L, γM279+282 L and γM23+279+282 L). In the γC89A
this effectwas less pronounced. ReducedγC199+205Amutants showed
lower activities compared to CuCl2-treated samples. A similar effect
was described previously with CF1α3β3γ assemblies lacking the reg-
ulatory cysteine region [36]. In that case, alkylation of remaining
thiols in the enzyme, followed by reduction, blocked inhibition by
DTT. However, hybrid F1 γC199+205A in our study still showed
DTT-induced inhibition despite alkylation of the remaining γ-
cysteines with N-ethylmaleimide prior to the reduction step (not
shown).
In summary, mutual interactions within the cluster became evident.
At ﬁrst glance, γC89 seemed to play a minor role in sulﬁte stimulation
(Section 3.4) andγ subunit redox-modulation. Likewise,MgATPase activ-
ity of γC89Awas similar towild type. However, γC89Awas deleteriously
Fig. 2. (A) Amino acid sequence alignment and phylogenetic tree of 16 bacterial, mitochondrial (*) and chloroplast (**) F-ATP synthase γ subunits using ClustalW/Geneious. The
scale bar represents the number of amino acid substitutions per site. The upper part shows a full sequence alignment overview with identical (green), semi-conserved (olive)
and non-conserved (red) regions. Three alignment excerpts of the N-terminus, the central region and the C-terminus are shown in the lower part. Decreasing similarity of aligned
residues is scaled from black to white background. The black and grey arrows below the N-terminal sequence TxxMx[MLIK]V indicate conserved (spinach γM23) and semi-
conserved methionines, respectively. The black arrow below the central domain excerpt marks a conserved cysteine (spinach γC89). The grey and black arrows below the
C-terminal sequence R[MRT]xAMx highlight semi-conserved (spinach γM279) and conserved (spinach γM282) methionines, respectively. (B) Alignment of crystal structures
from spinach CF1 α (light grey) and β (dark grey) subunits and the γ subunit homology model (cyan) was carried out as described under Materials and methods. (C) Magniﬁcation
of the dashed square from (B) shows the conserved cluster of terminal methionines in orange and the central cysteine in yellow.
2042 F. Buchert et al. / Biochimica et Biophysica Acta 1817 (2012) 2038–2048dominant over methionine mutations since the cysteine substitution
caused a 2-fold decrease of MgATPase when comparing the quadruple
γM23+279+282 L/γC89A with the highly active γM23+279+282 L.
In fact, γM23+279+282 L displayed 1.5-fold MgATPase activity than
wild type. The triple mutant appeared to be highly active due to a beneﬁ-
cially dominant γM23L mutation, which recovered poor activity of
γM279+282 L. Similarly, in an earlier study the interaction between
these particular alpha-helical regions of E. coli F1 γ subunit has been de-
scribed [59]. Therein, recovery of energy coupling in the deﬁcient
γM23K could be demonstrated by introducing a second γR242C muta-
tion. EcF1 γR242 is the homolog to spinach CF1 γR278.
3.6. ATPase activity of hybrid F1 assemblies exposed to singlet oxygen
An empirical approach was undertaken by assembling hybrid F1
enzymes lacking residues that were modiﬁed by 1O2 in CF1 (Fig. 3,
Supplementary Fig. S2). Firstly, it turned out that substitution of oxi-
dized β subunit residues in the nucleotide binding site did not alter
1O2 response of the assemblies (Supplementary Fig. S2E), suggesting
that oxidations within nucleotide binding sites played a minor role
in enzyme affection. However, activity measurements of γ subunit
methionine–cysteine cluster mutants (Fig. 4A) showed that these as-
semblies were differently affected by 1O2. The most striking resistance
was observed in the γM23L enzyme, whereas γC89A even tended tobe slightly more susceptible to 1O2 thanwild type. The resistance of en-
zymes harboring variants of γM279+282 L was, if at all, only slightly
higher than the wild type. Gain of γM23L resistance was preserved, if
combined with wild type-like γM95L in γM23+95 L assemblies
(Fig. 4B).
Since disulﬁdes can be generated upon protein exposure to certain
ROS [49], a γC199+205A construct [36] was assayed (Fig. 4B) which
lacks the disulﬁde-forming regulatory cysteines. It turned out that
this assembly was slightly more susceptible to 1O2 than the wild
type, indicating that activity attenuation was not a result of succes-
sive 1O2-mediated disulﬁde formation between γC199 and γC205.
In contrast to a previous proposal [12], substituting the conserved
single γ-histidine with glutamine in the γH187Q did not alter the re-
sponse, demonstrating that the histidine was not a functional target
of 1O2.
One particular feature of 1O2 targets are pH-dependent reaction
rate constants [60]. Especially histidines react more slowly at lower
pH [45,61]. Slightly different results with even more resistant cluster
mutants were obtained when exposure to 1O2 was carried out at pH
6.0 (Fig. 4C) instead of pH 8.0 (as in Fig. 4A). The wild type and the
γM23L mutant showed almost no pH-dependent tolerance effect.
Only minor differences were observed if γC89A was analyzed at dif-
ferent pH, being slightly more tolerant toward oxidation at pH 6.0.
The remaining multiple cluster mutants were signiﬁcantly less sensitive
Fig. 3. Mass spectrometric analysis of singlet oxygen-induced γ subunit modiﬁcations of the conserved methionine–cysteine cluster. NanoLC–ESI/MS/MS average spectra of γ subunit
peptides are shown, highlightingmono-oxidation (°), di-oxidation (°°) and tri-oxidation (°°°), respectively. The b- and y-ion series are labeled. (A) Peptide 19ITEAMKLVAAAK30 contained
mono-oxidized γM23. (B) Peptide 279MTAMSNATDNANELK293 contained both mono-oxidized γM279 and γM282. (C) Peptide 279MTAMSNATDNANELK293 was mono-oxidized on
γM279 and di-oxidized on γM282. Alternatively, γM279 was di-oxidized and γM282 was mono-oxidized. Both cases could be distinguished with the y12–y14 ions and with the b1–b3
ions. The typical ions for both possibilities were present in this MS/MS indicating both detected modiﬁcations. Green b- and y-ions: typical ions for γM279 mono-oxidized and γM282
di-oxidized; red b- and y-ions: typical ions for γM279 di-oxidized and γM282 mono-oxidized. (D) The peptide 87GLCGGFNNMLLK98 was tri-oxidized on γC89 and mono-oxidized on
γM95.
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γM279+282 L revealed maximum increase in tolerance at pH 6.
There was a slight indication of an additive effect in the triple
γM23+279+282 L mutant assembly compared to the correspondingTable 1
The stimulatory effect of sulﬁte on MgATP hydrolysis of hybrid F1.
Protein preparationa MgATPase activityb Sulﬁte
stimulation
factorc
− Sulﬁte + Sulﬁte
α3β3γwild type 9.5±0.3 41.0±0.5 4.3
α3β3γM23L 4.8±0.2 36.3±0.7 7.6
α3β3γM279+282L 2.1±0.3 23.5±0.3 11.2
α3β3γM23+279+282L 5.9±0.4 61.4±0.5 10.5
α3β3γC89A 8.1±0.3 34.6±0.4 4.3
α3β3γM23+279+282L/C89A 1.9±0.3 26.6±0.3 14.2
α3β3γC199+205A 16.7±0.4 61.1±0.2 3.7
a Hybrid F1 assemblies were puriﬁed and assayed as described under Materials and
methods.
b Expressed as μmol Pi released min−1mg protein−1. Assay conditions as described
under Materials and methods. Errors are standard errors with n=3. 25 mM Na2SO3 was
present where indicated.
c The stimulation factor describes the ratio of MgATPase activity in the presence of sulﬁte
to the activity without sulﬁte.terminal mutants γM23L and γM279+282 L. Furthermore, substitution
of γC89A had no additional effect in the quadruple γM23+279+282 L/
γC89A mutant compared to γM23+279+282 L.Table 2
The response of γ subunit mutants to reducing/oxidizing conditions.
Protein preparationa MgATPase activityb Reduced/
oxidizedc
Reduced Oxidized
α3β3γwild type 90.0±0.6 52.0±1.0 1.73
α3β3γM23L 57.9±0.8 57.7±0.8 1.00
α3β3γM279+282L 27.8±0.6 29.1±1.1 0.96
α3β3γM23+279+282L 81.3±0.9 81.8±0.9 0.99
α3β3γC89A 77.9±1.8 55.9±0.9 1.39
α3β3γM23+279+282L/C89A 44.2±0.9 41.1±0.8 1.08
α3β3γC199+205A 78.6±0.7 99.0±0.5 0.79
a Hybrid F1 assemblies were puriﬁed and assayed as described under Materials and
methods.
b Expressed as μmol Pi released min−1mg protein−1. Assay conditions as described
under Materials and methods. Errors are standard errors with n=3. 25 mM Na2SO3
was present.
c Reduction (10 mM DTT) and oxidation (100 μM CuCl2) was carried out for 60 min
and 37 °C. Ratios of reduced to oxidized MgATPase is shown.
Fig. 4. Singlet oxygen lowered the MgATP hydrolysis activity of recombinant hybrid F1
assemblies. Residual activities (±standard deviation) relative to the control were plotted
against exposure time. (A) Combinations of γ-methionine–cysteine cluster mutants were
compared to wild type (1O2 generation at pH 8.0, n=4). (B) No effect was observed by
substituting γM95 since affection of γM95L and γM23+95 L mutant was similar to
wild type and γM23L from (A). The activity of γH187Q mutant declined comparably to
wild type assemblies, whereas γC199+205A was slightly more susceptible (1O2
generation at pH 8.0, n=4). (C) Effect of the pH on 1O2-exposed combinations of
γ-methionine–cysteine cluster mutants compared to wild type (pH 6.0, n=3).
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In a second approach we exposed cluster-substituted hybrid F1
with hydrogen peroxide. Comparable to 1O2, hydrogen peroxide led
to a substantial decrease in activity of hybrid F1 wild type. The data
indicated that a signiﬁcant decrease in activity resulted from oxidationof the cluster residues (Fig. 5A). Similar tolerances could be observed
for γC89A, γM279+282 L and γM23+279+282 L, respectively.
Absence of γM23 led to a small decrease in inhibition only. Similarly,
neither enhanced tolerance by γM23L was observed in the triple mu-
tant γM23+279+282 L, when compared to γM279+282 L, nor in
the almost H2O2-tolerant γM279+282 L/γC89A. However, the most
striking effect was observed in the quadruple cluster mutant
γM23+279+282 L/γC89A that rendered the enzyme virtually insen-
sitive to H2O2. Surprisingly, exposing wild type to lower concentrations
of 1 mM H2O2 (Fig. 5B) yielded a slightly activated enzyme which
showed successive ATPase attenuationwith increasingH2O2 concentra-
tions. The quadruple cluster mutant γM23+279+282 L/γC89A
showed a higher extent of activation with little inhibition occurring at
higher H2O2 concentrations. The absence of the non-target histidine in
γH187Q had no effect on susceptibility (Fig. 5C). Albeit a sulfonic
acid derivative of a regulatory cysteine could be detected (Supple-
mentary Fig. S4D), no implications on H2O2 tolerance were observed
for γC199+205A (Fig. 5C).
3.8. Sulﬁte stimulation upon exposure to reactive oxygen species
As shown in this study, evenminimally perturbing mutations of the
γ subunit methionine–cysteine cluster dramatically changed catalytic
properties and ROS sensitivity of the enzyme. It remained elusive
by which means ROS provoked activity decline. One possibility
among others could be that reactive oxygen affects MgADP binding
and release. However, it was evident that exposure to 1O2 had only
marginal inﬂuence on MgATPase stimulation by sulﬁte in the wild
type (Table 3).
Since the data in Fig. 5A suggested that H2O2-induced enzyme affec-
tion was caused by oxidation of the γ subunit methionine–cysteine
cluster, γM23+279+282 L/γC89A served as control in the H2O2-
dependent sulﬁte stimulation assay shown in Table 4. Again, the
data obtained did not reveal H2O2-induced changes of the sulﬁte ef-
fect on MgATPase. Nevertheless, both the wild type enzyme and the
quadruple mutant showed a small increase of sulﬁte-induced H2O2
resistance.
4. Discussion
4.1. Impact of singlet oxygen on enzyme activity in situ and in vitro
Under daylight conditions, when ROS are continuously generated
as a natural byproduct of photosynthesis, CF1CFO primarily acts as
an ATP synthase. A decreased photophosphorylation capacity of thy-
lakoids upon oxidative stress could potentially alter ADP/ATP ratios
in vivo, which then might function as a signal. Promotion of excessive
membrane uncoupling under the assayed conditions can be ruled out
[12]. The in vitro data suggested that observed 1O2-induced attenuation
in situ involved impairment of CF1 activity. Disproving earlier sugges-
tions [12], the results did not support cross-link events between resi-
dues of the γ and ε subunits upon 1O2 exposure. The mutant studies
presented in this workwere performedwith recombinant hybrid F1 as-
semblies. These enzymes acquired γ subunit features unique to higher
plants. The assembly system was considered to be a suitable tool for
ROS-dependent γ subunit modiﬁcations since it exhibited similar
MgATPase activation upon γ disulﬁde reduction as native CF1 α3β3γ
assemblies [36]. If activity attenuation in CF1/CF1-δε (Fig. 1B)
would have been primarily caused by ROS-induced modiﬁcations of the
γ subunit, these alterations should have had a similar impact on activity
in the hybrid F1 assembly.
4.2. Mass spectrometry analysis of CF1 oxidation
The sulfur-containing amino acid clusterwas highly susceptible to 1O2
and most residues of the cluster were also oxidized by H2O2, although
Fig. 5. Hydrogen peroxide lowered the MgATP hydrolysis activity of recombinant hybrid
F1 assemblies. Residual activities (±standard deviation, n=3) relative to the control
were plotted against exposure to increasing concentrations of H2O2. (A) Combinations
of γ-methionine–cysteine cluster mutants were compared to wild type. (B) Comparison
of wild type with γM23+279+282 L/γC89A at lower concentrations of H2O2. One
millimolar H2O2 caused a slight initial ATPase activation of 10% and 6% observed in
γM23+279+282 L/γC89A and the wild type assembly, respectively. With increasing
concentrations the assemblies showed activities as outlined in (A). (C) The activity of
γH187Q and γC199+205A assemblies declined comparably to γwild type enzyme.
Table 3
The stimulatory effect of sulﬁte onMgATP hydrolysis of 1O2-exposed hybrid F1 wild type.
1O2 release
by RBa
MgATPase activityb Residual activityc Sulﬁte
stimulation
factord
− Sulﬁte + Sulﬁte − Sulﬁte + Sulﬁte
0 s 8.7±0.3 36.0±0.6 100% 100% 4.1
15 s 6.8±0.3 28.9±0.8 78% 80% 4.3
60 s 4.7±0.1 17.1±0.4 54% 48% 3.6
a Singlet oxygenwas released at pH 8.0 during illumination in the presence of 2 μMRB.
b Expressed as μmol Pi released min−1mg protein−1. Assay conditions as described
under Materials and methods. Errors are standard errors with n=3. 25 mM Na2SO3 was
present where indicated.
c The valuewas obtained by setting activity after 1O2 treatment relative to activity of the
nontreated control.
d The stimulation factor describes the ratio ofMgATPase activity in the presence of sulﬁte
to the activity without sulﬁte.
Table 4
The stimulatory effect of sulﬁte on MgATP hydrolysis of H2O2-exposed hybrid F1.
Protein
preparationa
Na2SO3 MgATPase activityc Resistance
factord− +
H2O2b − + − +
γwild type 7.9
(±0.3)
2.7
(±0.2)
33.1
(±0.2)
15.0
(±0.2)
1.3
Residual
activitye
34% 45%
Sulﬁte
stimulation
factorf
4.2 5.6
γM23+279+282L/
C89A
2.7
(±0.3)
2.1
(±0.1)
26.8
(±0.4)
23.4
(±0.2)
1.1
Residual
activitye
78% 87%
Sulﬁte
stimulation
factorf
9.8 11.0
a Hybrid F1 assemblies were puriﬁed and assayed as described under Materials and
methods.
b H2O2 treatment (50 mM) is described under methods.
c Expressed as μmol Pi released min−1mg protein−1. Assay conditions as described
under Materials and methods. Errors are standard errors with n=3. 25 mM Na2SO3
was present where indicated.
d The resistance factor describes the ratio of residual activity uponH2O2 in the presence
of sulﬁte to residual activity without sulﬁte.
e The value was obtained by setting activity after H2O2 treatment relative to activity of
the non-treated control.
f The stimulation factor describes the ratio of MgATPase activity in the presence of sulﬁte
to the activity without sulﬁte.
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samples. Regarding γM279 and γM282, a mutual oxidation pattern
was observed, similar to results obtained previously using methionine–
methionine dipeptides [62]. Therefore, singlemutants of these particular
residues were not analyzed. The two regulatory γC199 and γC205 werenot affected by 1O2 (not shown), whereas H2O2 treatment resulted in
severe oxidation, in particularγC199. The initially proposedmain target
for ROS impact γH187 [12] was not oxidized.
4.3. The effects of oxyanions and γ disulﬁde redox‐modulation on MgATP
hydrolysis of hybrid F1 and its mutants
The results we obtained with the alpha-helical methionine mutants
were in good agreement with earlier studies describing MgATPase acti-
vation by detergent-stimulated MgADP release in TF1 α3β3γ from the
thermophilic Bacillus PS3 [54]. Therein, homologous residues to spinach
CF1 γM23 and γM282were substituted for cysteine or lysine. Similarly,
a study of Rhodobacter capsulatus F1 [55] proposes a stabilization of the
ADP-inhibited state of the enzyme by γM23K. All of these studies point
into the direction that integrity of this alpha-helical γ-region is crucial
for ADP release during rotation [21,54,55,63], probably because it is
part of a β-γ contact point [19–21]. Alternatively, other electrostatic
[55,64,65] or hydrophobic [54] parameters might also play a role.
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hydrophobic character of the cluster was preserved to a certain extent.
According to our results, hydrophobicity of the substituted γ-residues
appeared to have aminor impact on the oxyanion effect. However, substi-
tution of alpha-helical methionines had the most dramatic consequence
on sulﬁte stimulation and γ subunit redox-modulation. Regarding the
latter, these residues must somehow relay the information produced
by disulﬁde reduction, since the methionines are not part of the actual
regulatory domain. Nevertheless, the observations on γ disulﬁde
redox-modulation did not take account of the ε subunit which is also
considered to regulate activity [9].
Summarizing the additional experiments apart from ROS response,
it turned out that the introduced amino acid substitutions had an im-
pact on the activity of the enzyme. As shown for yeast MF1, αF405S
induced positional changes of the β and the γ subunit, in particular
the γC84-containing conserved central loop [66]. Therein, the authors
suggest that lower β–γ catch interactions were affected. Therefore,
analogous remote structural impacts in hybrid F1 γ subunit mutants
cannot be ruled out. Our results also suggested that the cluster appeared
to be a set of highly dynamic interacting residues. The effect of certain
substitutions was obviously dominant over others. All of these conclu-
sions have to be drawn with caution, since the observed activities only
allow limited predictions of membrane-attached enzyme characteristics.
4.4. ATPase activity of hybrid F1 assemblies exposed to singlet oxygen
Establishing a connection between the potential role of F-ATP
synthase in maintaining ROS homeostasis [15,16] and its concurrent
susceptibility [10–12] is challenging. Unlike previous experiments an-
alyzing nitrative stress [51,52], susceptibility of F-ATPase caused by
ROS could not be linked to any speciﬁc amino acid targets. However,
recent studies of fungal mitochondrial F1 identiﬁed a selected trypto-
phan on the α subunit as a functional ROS target [67]. The results
presented here revealed that (1) all of the mutants tested still showed
signiﬁcant activity attenuation upon 1O2 exposure, and (2) that this
effect is mainly dependent on the oxidation of themethionine–cysteine
cluster. (3) This cluster appeared as a group of mutually dependent res-
idues. Therefore, we suggest that the cluster should rather be regarded
as a whole target system. Accordingly, three possible conclusions could
be drawn to interpret the results in Fig. 4. (a) Changing the cluster by
partial mutation might cause altered catalytic impact upon oxidation.
As a result, increased sensitivity in γC89A could be observed. Likewise,
formerly tolerant γM23Lwas not persistent in γM23+279+282 L due
to enhanced deleterious impact of the latter oxidized disrupted target
cluster. (b) Enduring susceptibility of γM23+279+282 L/γC89A
strongly demanded for existence of functional targets remote of the
suggested cluster. At least oxidized nucleotide binding site residues
within the β subunit were not involved in loss of enzyme activity. The
challenge of identifying yet unknown functional targets is aggravated
since oxidation of a residue can also occur spontaneously and without
affecting the enzyme functionality [68,69], as shown for γM95. (c) In
line with previous reports, the cluster region appeared to be critical
for general enzyme functionality. It is likely that the introduced muta-
tions might have the potential to affect remote functional structures
(Section 4.3). Accordingly, it cannot be ruled out that concealed poten-
tial 1O2 target residues were experimentally changed to functional 1O2
targets. Theoretically, this would challenge conclusion (a) by implying
that cluster residues themselves are supposedly “concealed” in the
wild type and only become “functional” in disrupted cluster mutants.
Nevertheless, every single cluster residue was speciﬁcally oxidized upon
1O2 treatment (Section 3.3) and modiﬁed experimental conditions at
lower pH undermine theoretical restrictions of concealed targets within
the cluster itself. Taking this into consideration, overlapping of both
possibilities still cannot be excluded. Candidates which might serve as
new functional ROS targets could be highly reactive histidines. Several
observations supported this assumption. Analyzing this amino acid,we took advantage of the fact that histidine reacts much slower at
non-physiological lower pH [45,61,70]. Accordingly, lowering histidine
reactivity at pH 6 in hybrid F1 wild type did not alter susceptibility.
Thus, and as suggested, new functional targets appeared only in the
mutants. However, in the wild type these histidines might be subject
to oxidation without substantial catalytic impact. As measured by
gain of 1O2 tolerance at pH 6, the mutants were differently efﬁcient
in evoking histidine targets. Hence, steadily tolerant γM23L was
less and mutants harboring variants of γM279+282 L appeared to
be most efﬁcient in functionalizing targets. Nevertheless, carefully
evaluating the experimental outcome, one has to take into account
that artifact-prone results might be obtained as a consequence of
provoked modest structural changes in the mutants together with
the intense reactivity of 1O2. Regarding the latter, assemblies were
exposed to less reactive oxidants as well.
4.5. ATPase activity of hybrid F1 assemblies exposed to hydrogen peroxide
Recently [71], 1O2 was considered the most potent ROS involved in
photo-oxidative damage in plants, whereas its reactivity with proteins
is not fully understood yet [45,72,73]. The interaction of H2O2 with
proteins is less versatile since it reacts with cysteines and methionines
only, thus serving as a poor oxidant [74]. The initially proposed existence
of a ROS-sensitive γ subunit amino acid cluster was clearly validated in
the H2O2 approach. However, the molecular basis of the slight activation
upon H2O2 exposure remained elusive. It seemed to be that slight initial
activation was caused by oxidation processes apart from the ROS target
residue cluster. Compared to γM23+279+282 L/γC89A, in wild type
assemblies the consequence of cluster oxidation was a less pronounced
slight activation, followed by activity decline at higher concentrations
H2O2.
Regardless of yet unknown targets, it should be noted that the
ultimate fate of ROS exposure was a loss of enzyme activity. On the
other hand, the aftereffects of amino acid oxidations within a disrupted
cluster seemed to be different, depending on the ROS applied. Especially
absence of γM23 and γC89 during oxidative enzyme modiﬁcation
resulted in inverted responses upon 1O2 and H2O2 stress (Figs. 4C, 5A).
In this context it should be noted that sulﬁte-stimulated MgATPase of
γM23L and γC89A were most similar to wild type (Table 1). According
to the conclusions proposed above (Section 4.4), ROS-speciﬁc reactivity
of formerly concealed targets could cause inverted responses. Addition-
ally, ROS-speciﬁc impact of a γM23- and γC89-disrupted cluster on
catalytic activity should be considered.
4.6. Sulﬁte stimulation upon exposure to reactive oxygen species
The critical location of the cluster (Fig. 2C), its involvement in
dynamic wide-ranging interactions within the enzyme (Tables 1 and
2) and its susceptibility to ROS (Fig. 3, Supplementary Fig. S4)were clear-
ly evident. Nevertheless, the detailed molecular mechanism of how the
detrimental cluster target oxidation affects structure and function
remained elusive. Although methionine sulfoxide is more hydrophilic
than methionine [49] and some authors consider hydrophobicity of the
cluster region to be involved in MgADP release [54], no enhanced sulﬁte
stimulation upon ROS exposure could be observed. Previously, it was de-
scribed that methionine sulfoxide formation in alpha-helical regions of
proteins can have helix-breaking effects [75]. Assuming that this might
be the case at least for γM279 and γM282, C-terminal catch interactions
with an anionic loop of the β subunit [19] could be disordered. In line
with this assumption, previous hybrid F1 studies of C-terminal γ subunit
mutants showed loss of MgATPase [39].
In summary, we could present evidence that oxidation of a
conserved group of interacting subunit residues was responsible for
H2O2-induced activity attenuation. It is very likely that additional resi-
dues participated in 1O2-dependent loss of activity. Therefore, future
studies might be helpful to identify additional functional targets and
2047F. Buchert et al. / Biochimica et Biophysica Acta 1817 (2012) 2038–2048further unravel themolecularmechanism of ROS-induced catalytic activ-
ity decay. Since this markedly conserved group of highly ROS-sensitive
amino acids is located at a critical position and of functional importance,
it is tempting to speculate if these key residuesmight serve as a sensor for
increasing ROS concentrations. Thus, affection of ADP/ATP ratio and/or
the thylakoid ΔpH might have further implications on the regulation of
the photosynthetic machinery in general.
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